A PI3-Kinase Signaling Code for Insulin-Triggered Insertion of Glucose Transporters into the Plasma Membrane  by Tengholm, Anders & Meyer, Tobias
Current Biology, Vol. 12, 1871–1876, October 29, 2002, 2002 Elsevier Science Ltd. All rights reserved. PII S0960-9822(02)01223-X
A PI3-Kinase Signaling Code for Insulin-Triggered
Insertion of Glucose Transporters
into the Plasma Membrane
tively excited in a region 70 nm above the glass sur-
face, and insertion into the plasma membrane can be
detected simply as an increase in the overall fluores-
cence intensity. Additional advantages of this approach
are the minimal phototoxicity of evanescent wave exci-
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tation and the possibility to measure transporter inser-
tion in many cells by using low-magnification micros-
copy, since no subcellular image analysis is required.Summary
In unstimulated adipocytes, evanescent wave-excited
GLUT4 fluorescence was uniformly low across the sur-Activation of phosphatidyl-inositol-3-OH-kinase (PI3K)
and the resulting production of phosphatidyl-inositol- face membrane, with spots reflecting GLUT4-GFP con-
taining docked vesicles (Figure 1A). Insulin stimulation3,4,5-trisphosphate (PIP3) are ubiquitous signaling
steps that link various cell surface receptors to multi- resulted in a dose-dependent, gradual increase of the
overall fluorescence intensity that reached a steadyple intracellular targets [1]. In fat and muscle cells, the
same PI3K pathway that regulates metabolic enzymes, state within 15 min (Figures 1B and 1C). At the same
time, the membrane fluorescence spots did not increaseproliferation, and differentiation has also been shown
to be involved in insulin-triggered insertion of glucose in number, suggesting that the fluorescence intensity
increase is not a result of more docked vesicles buttransporter GLUT4 into the plasma membrane [2, 3].
The multiple PI3K functions raise the question of how instead reflects the insertion of GLUT4 transporters into
the plasma membrane. Half-maximal and maximal fluo-the same PI3K pathway can be selectively used for
different cell functions. Here we developed a dual- rescence increases were observed at 65 pM and 100
nM insulin, respectively (Figure 1D). This insulin concen-color evanescent wave microscopy method to simul-
taneously measure PIP3 production and GLUT4 inser- tration dependence is similar to that previously reported
for glucose uptake in fat cells [9]. No change in fluores-tion in individual 3T3L1 adipocytes. Activation of PI3K
was found to be both necessary and sufficient for cence was detected in cells expressing plasma mem-
brane-targeted GFP (Figures 1B–1D) or cytoplasmictriggering GLUT4 insertion, but transporter insertion
was markedly suppressed for small-amplitude, persis- GFP (data not shown), suggesting that the fluorescence
increase after insulin stimulation was due to GLUT4 tran-tent PIP3 signals and for large-amplitude, short PIP3
signals. The rejection of these common PI3K signaling lsocation and insertion into the plasma membrane and
not to a change in cell adhesion and morphology.responses may explain the selective advantage of in-
sulin over platelet-derived growth factor and other
stimuli for inducing GLUT4 insertion. Our study sug-
Timing between PIP3 Signals and GLUT4 Insertiongests that the same PI3K pathway can control specific
The timing between PIP3 signals and GLUT4 insertioncell functions by relying on effector systems that re-
was investigated in individual adipocytes by coexpres-spond to particular receptor-encoded time courses
sion of the YFP-conjugated GLUT4 and the CFP-conju-and amplitudes of PIP3 signals.
gated pleckstrin homology domain from Akt (AktPH)
(Figure 2A). This fluorescent protein-conjugated PH-Results and Discussion
domain construct specifically binds the 3-phosphory-
lated lipid products generated by activated PI3K [10],Evanescent Wave Imaging of GLUT4
and similar constructs have been demonstrated toMembrane Insertion
translocate to the plasma membrane after insulin stimu-Confocal microscopy of 3T3L1 adipocytes expressing
lation of adipocytes [11]. By measuring evanescentGFP-conjugated GLUT4 showed transporter localiza-
wave-excited CFP and YFP fluorescence, PIP3 produc-tion in perinuclear membranes as well as in vesicles
tion and GLUT4 insertion could be monitored over timenear the cell periphery and in the cytoplasm (Figure 1A)
as changes in CFP and YFP fluorescence intensity, re-[4–6]. Stimulation with 100 nM insulin resulted in a loss
spectively. As shown in Figure 2B, the insulin-triggeredof vesicular GLUT4 distribution and an increase in con-
rapid production of PIP3 was followed by a slower inser-tinuous plasma membrane fluorescence intensity. As is
tion of GLUT4. Inhibition of PI3K with 50 M LY294002apparent from the shown images, the observed distribu-
resulted in rapid decreases of CFP-AktPH and GLUT4-tion changes are relatively small and are difficult to mea-
YFP surface fluorescence (time constants 86  5 s, n sure quantitatively. Quantitative insertion of GLUT4
34, and 889  156 s, n  28, respectively), which couldtransporter into the plasma membrane was instead mea-
again be increased upon removal of the PI3K inhibitorsured with evanescent wave microscopy, also termed
(Figure 2B). No change in CFP fluorescence was ob-total internal reflection fluorescence microscopy [7, 8].
served in cells coexpressing cytoplasmic CFP andIn this method, the GLUT4-GFP fluorescence is selec-
GLUT4-YFP (data not shown). These data show that
PIP3 signals are necessary for insulin-triggered GLUT41Correspondence: tobiasmeyer@stanford.edu
insertion [12, 13], that PIP3 lipids have a half-life of2 Present address: Department of Medical Cell Biology, Uppsala
University, Biomedicum Box 571, SE-751 23 Uppsala, Sweden. approximately 1 min, and that GLUT4 insertion and en-
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Figure 1. Confocal and Evanescent Wave Fluorescence Imaging of Insulin-Induced GLUT4-GFP Plasma Membrane Insertion in Individual
3T3L1 Adipocytes
(A) Confocal and evanescent wave images of cells expressing GLUT4-GFP recorded before and 10 min after stimulation with 100 nM insulin.
The scale bar represents 10 m.
(B) GLUT4-GFP- and plasma membrane-targeted GFP fluorescence changes after stimulation with 100 nM insulin (fold increase over basal
membrane fluorescence).
(C) Averages of evanescent wave fluorescence recordings of 30 (GLUT4) and 18 (PM) transfected cells. Standard errors are shown.
(D) Dose dependence of insulin-induced increases in membrane GLUT4-GFP fluorescence compared to control PM-GFP fluorescence. Each
point is the mean  SE for 51–139 cells.
docytosis are rapid processes that turnover plasma PIP3 is not only necessary, but is also sufficient to trigger
near-maximal GLUT4 insertion in 3T3L1 adipocytes.membrane transporters every 10–15 min.
While our study does not exclude the possibility that
GLUT4 insertion could also be controlled by PIP3-inde-PIP3 Signals Are Sufficient for GLUT4 Insertion
pendent signaling pathways activated by insulin [16,To answer the question of whether activation of PI3K is
17], the present data provide no indication that suchsufficient to induce GLUT4 translocation, we transfected
pathways play a significant role in regulating GLUT43T3L1 adipocytes with CFP-AktPH and GLUT4-YFP
insertion in adipocytes.along with a constitutively active plasma membrane-
targeted PI3K p110 subunit. In contrast to previous stud-
ies using a similar construct [14, 15], we used a strategy Identification of a PIP3 Signaling Threshold
for GLUT4 Insertionto evaluate the immediate effect of PI3K activation. PI3K
activity was suppressed by preincubating cells for 45–60 A striking feature of the parallel recordings was a marked
delay between PIP3 lipid production and the start ofmin with LY294002. As shown in Figure 2C, the subse-
quent washout of the inhibitor resulted in a marked GLUT4 insertion. Using rapid image acquisition and au-
tomated insulin perfusion, GLUT4 insertion was foundtranslocation of AktPH, demonstrating that PIP3 levels
can indeed be rapidly elevated with this method. This to begin 161  11 s (n  26) and 49  3 s (n  18) after
the PIP3 increase when stimulated with 100 pM and 100PIP3 elevation was sufficient to trigger membrane inser-
tion of GLUT4 (Figure 2C). The amplitude of the PIP3- nM insulin, respectively (Figure 3A). This suggests that
a threshold for PIP3 signals exists, below which GLUT4triggered AktPH translocation and GLUT4 insertion was
92% 4% (n 40) and 93% 5% (n 47), respectively, transporters are only minimally inserted into the plasma
membrane. Indeed, when the plasma membrane con-of that triggered by insulin (Figure 2D). In control cells
without constitutive PI3K activity, LY294002 washout centration of GLUT4 is graphed against the integrated
PIP3 activity (the product of the duration times the ampli-induced only minimal translocation of CFP-AktPH and
GLUT4-YFP (Figure 2D). Thus, these data provide evi- tude of the PIP3 signal), a threshold can be identified
that is similar for both insulin concentrations (Figuredence that direct activation of PI3K and production of
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Figure 2. Dual Evanescent Wave Measurements of PI3-Kinase Activity and GLUT4 Insertion Demonstrate that PIP3 Production Is Necessary
and Sufficient for Triggering GLUT4 Insertion
(A) Evanescent wave fluorescence images of differentiated 3T3L1 adipocytes cotransfected with CFP-AktPH and GLUT4-YFP. The scale bar
represents 50 m.
(B) Time course measurement of PI3-kinase activity and GLUT4 membrane insertion following stimulation with 100 nM insulin. A total of 50
M LY294002 was added to block PI3-kinase. CFP-AktPH and GLUT4-YFP image pairs were acquired every 10 s.
(C) Recordings from cells cotransfected with p110-CAAX, CFP-AktPH, and GLUT4-YFP. PI3-kinase was activated by the removal of 50 M
LY294002 (after 45 min of preincubation). Significant PIP3 increases and near-maximal GLUT4 membrane insertion were rapidly induced. A
total of 100 nM insulin was added to evaluate the degree of GLUT4 insertion triggered by PIP3 alone.
(D) Means  SE of CFP-AktPH and GLUT4-YFP translocation responses upon LY294002 removal from cells with and without expressed
p110-CAAX.
3B). While transporter insertion is suppressed below this the existence of insulin-specific, PI3K-independent sig-
nals [16, 17]. We now tested whether a PIP3 thresholdingthreshold, the concentration of transporter in the plasma
membrane increases linearly with the integrated PIP3 mechanism could explain the different efficiencies of
insulin and PDGF to induce GLUT4 insertion. Differenti-signal above the threshold (Figure 3B).
If more than 50 s of PIP3 signal integration is needed ated 3T3L1 adipocytes are heterogeneous in terms of
PDGF receptor expression [20]. Under the present con-to trigger significant GLUT4 insertion, a transient PIP3
signal should not induce insertion. Indeed, when adipo- ditions, 47% (n  74) of the insulin-activated cells re-
sponded to PDGF with membrane translocation ofcytes were stimulated with insulin and the PI3K activity
was blocked 30 s later by the addition of 50 M AktPH. While 100 nM insulin induced a sustained trans-
location of AktPH-GFP, the response to 4 nM PDGF wasLY294002, there was a pronounced, transient AktPH
translocation. However, no significant GLUT4 transloca- of similar amplitude but of much shorter duration (Figure
4A). The PDGF-triggered GLUT4 insertion was often nottion was detected until the PI3K inhibitor was removed
and the increase in PIP3 signal became sustained (Fig- detectable or was small and transient, as shown in (Fig-
ure 4B). Even though PDGF could induce a transienture 3C). This suggests that transient increases in PIP3
that stay below the integration threshold do not lead to GLUT4 insertion response in some cells, the small, per-
sistent elevation of PIP3 was not sufficient to keepsignificant GLUT4 insertion.
GLUT4 in the plasma membrane and suggested that the
specificity of insulin-triggered GLUT4 insertion can beA PIP3 Signaling Code for GLUT4 Insertion
Understanding why PDGF, which is a model activator explained by the different time course of PIP3 signals
and the threshold rejection mechanism identified above.of the PI3K signaling pathway, is much less efficient
than insulin in promoting GLUT4 insertion has been a In addition to mediating insulin responses and GLUT4
insertion, PIP3 signals induced by growth factors, suchlong-standing problem. Various explanations have been
put forward to account for this difference, including spa- as PDGF, play a role in adipocytes and other cells in
regulating proliferation, differentiation, and apoptosistial compartmentalization of the PIP3 signal [18, 19] and
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Figure 3. GLUT4 Insertion into the Plasma Membrane Is Only Significantly Triggered after a Threshold of Integrated PIP3 Signals Is Reached
(A) Recordings from cells coexpressing CFP-AktPH and GLUT4-YFP and stimulated with 100 nM or 100 pM insulin. Image pairs were acquired
every 2 s.
(B) Amplitude of GLUT4 insertion versus the integrated PIP3 activity derived from the experiments in (A). Integrated activity was measured
as the area under the CFP-AktPH translocation curve. Clear thresholds were observed in 24 out of 26 cells (100 nM) and in 8 out of 9 cells
(100 pM).
(C) Demonstration of the postulated integration threshold with a short PIP3 pulse generated by adding 50 M LY294002 30 s after stimulation
with 100 nM insulin. The former drug was subsequently removed. CFP-AktPH and GLUT4-YFP image pairs were acquired every 10 s.
Supplementary Materialprotection [21–23]. We assessed basal PI3K in adipo-
Supplementary Material including the Experimental Procedures iscytes by monitoring membrane CFP-AktPH during the
available at http://images.cellpress.com/supmat/supmatin.htm.addition of LY294002. Figure 4C shows that CFP-AktPH
fluorescence decreased rapidly upon PI3K inhibition
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